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Abstract 
WH-QUESTION PROCESSING IN CHILDREN WITH COCHLEAR IMPLANTS 
by 
Zara W. DeLuca 
 
Advisor: Richard G. Schwartz, PhD 
 
 Children with cochlear implants (CIs) have exhibited difficulty accurately answering 
and producing wh-questions. The syntactic construction of wh-questions include syntactic 
movement, whereby the wh-question phrase that replaces the subject or object noun is 
fronted to the beginning of the sentence. This leaves a syntactic gap at the subject or 
object’s original location, to be filled by the listener during immediate language processing. 
One view is that this syntactic gap is resolved by retaining that filler concept in working 
memory (WM), until it can be reintegrated into the wh-question. However, the CI population 
is also notable for WM deficits, which may hinder their ability to adequately comprehend and 
produce complex syntax.  
The current study used eye tracking to yield data on the impact of WM demands on 
the processing of complex syntax in children with CIs. Sixteen CI users and 31 normal 
hearing (NH) children, aged 7;0-12;0, participated in an experiment where their eye 
movements were tracked across a four picture array, during the syntactic gap of 80 who 
and which questions. In 40 of the questions, WM demands were manipulated by the 
addition of two adjectives, corresponding to the span deficits found in previous studies. 
Fixations, or extended periods of eye gaze, to the target picture at the syntactic gap were 
compared between groups and within the CI group. Fixations were also compared to results 
from a battery of WM tasks including an n-back task and updating/span task. Results 
demonstrated no significant difference in eye gaze fixations to the target picture at the gap 
between CI and NH children; however, children with CIs were less likely to fixate towards 
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the target picture than their NH peers. Significantly fewer fixations were found in the wh-
questions lacking extraneous adjectives, as well as greater fixations towards object 
questions. Trends within the CI group demonstrated differences in syntactic processing 
between modes of auditory access. Error analyses also revealed differences in gaze patterns 
between the CI and NH groups in inaccurate trials. These results, in addition to time course 
analyses of gaze behavior, are discussed with relevance to the syntax processing abilities 
and WM skills of typically developing children and pediatric users of CI. 
 This research was generously supported by NIDCD grant 5R01DC011041. 
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CHAPTER 1: INTRODUCTION 
 
Wh-Question Processing in Children with Cochlear Implants 
As of 2013, nearly 26,000 American children with profound deafness have received a 
cochlear implant (CI) (National Institutes of Health, 2013). The CI has enabled these 
children to access and acquire auditory-oral language, despite hearing loss. However, the 
path to language acquisition is not always typical for CI recipients and implanted children 
often face challenges in comprehending and expressing themselves using spoken language. 
Many studies (Geers & Nicholas, 2013; Nicholas & Geers, 2007) have established the 
importance of implantation before age five to near-typical performance on standardized 
measures of expressive and receptive language abilities including the Clinical Evaluation of 
Language Fundamentals-4th edition (CELF-4; Semel, Wiig, & Secord, 2003), the Peabody 
Picture Vocabulary Test-4th edition (PPVT-4; Dunn & Dunn, 2007), and the Reynell 
Developmental Language Scales (RDLS; Edwards, Fletcher, Gurman, Hughes, & Letts, 
1997). Additionally, the language growth trajectories for early CI recipients are much more 
akin to their typical, normal hearing (NH) peers as compared to later CI recipients (Connor, 
Craig, Raudenbush, Heavner, & Zwolan, 2006; Hay-McCutcheon, Kirk, Henning, Gao, & Qi, 
2008; Niparko et al., 2010). Many children with CIs experience major gains in spoken 
language acquisition in the 3-4 years following their implantation, as demonstrated in 
receptive vocabulary on the PPVT-4 and overall receptive and expressive language on the 
CELF-4 (Connor et al., 2006; Nicholas & Geers, 2007). This steady acquisition often slows or 
plateaus after 4-5 years of CI use (Hay-McCutcheon et al., 2008; Niparko et al., 2010; 
Tomblin, Barker, Spencer, Zhang, & Gantz, 2005). The language gain is diminished by 
slowing rates of acquisition (Hay-McCutcheon et al., 2008; Svirsky, Teoh, & Neuburger, 
2004) and/or spoken language acquisition that diverts from the path of typically developing 
children (Connor, Hieber, Arts, & Zwolan, 2000; Niparko et al., 2010; Tomblin et al., 2005). 
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Additionally, a great deal of variability exists within the data collected on children with CI 
(Connor et al., 2000; Duchesne, Sutton, & Bergeron, 2009). 
This plateau effect is most noticeable in the vocabulary and syntax development of 
children with CIs (Caselli, Rinaldi, Varuzza, Giuliani, & Burdo, 2012; Chilosi et al., 2013; 
Fujiyoshi et al., 2012; Geren, 2010; Nikolopoulos, Dyar, Archbold, & O’Donoghue, 2004; 
Szagun, 2000, 2004). Studies of early lexical acquisition have found that children with CIs 
take nearly four months longer than typical, NH children to acquire their first words and 
word combinations (Nott, Cowan, Brown, & Wigglesworth, 2009). This difficulty with lexical 
acquisition likely relates back to their limited hearing experience, in both time and quality, 
as demonstrated through mapping tasks (Tomblin, Barker, & Hubbs, 2007; Houston, 
Stewart, Moberly, Hollich, & Miyamoto, 2012), as well as their challenges with spoken word 
recognition in certain environments (Grieco-Calub, Saffran, & Litovsky, 2009). In 
comparison to typical, NH peers, only 36% of children implanted prior to age 4 accomplish 
age-appropriate grammar skills, as measured on the Test of Reception of Grammar (TROG-
2; Bishop, 2003) (Nikolopoulos et al., 2004). Many of their difficulties with syntax reside in 
morphosyntax, such as plurality and inflection (Caselli et al., 2012; Chilosi et al., 2013; 
Duchesne et al., 2009; Geren, 2010). In languages that employ case and gender markings, 
children with CIs often struggled to mark verbs appropriately (Szagun, 2000, 2004). These 
deficits in morphosyntax, which may be attributed to poorer perceptual abilities in children 
with CIs, also appear to affect more complex syntactic structures such as passive 
sentences, relative clauses, and wh-questions. The difficulties children with CIs face with 
these sentence types have been measured on the Diagnostic Evaluation of Language 
Variation (DELV; Seymour, Roeper, deVilliers, & deVilliers, 2005) (Geren, 2010), and 
through picture-pointing recognition and oral elicitation of these sentence types (Friedmann 
& Szterman, 2006, 2011; Friedmann et al., 2009; Fujiyoshi et al., 2012; Geren, 2010). 
They have also been shown to perform poorer on repetition tasks with relative clauses and 
wh-questions (Friedmann & Szterman, 2011). What is most puzzling about these findings is 
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not the level of deficit they reveal, but rather that many of the participants with CIs 
maintained scores well within the average range on standardized tests of general language 
(Caselli et al., 2012; Duchesne et al., 2009; Geren, 2010; Nikolopoulos et al., 2004).  
The persistence of these deficits in syntax, despite age-appropriate standardized 
language scores, highlights a major discrepancy between the traditional, gross-measures of 
performance and their language abilities in real-time. This discrepancy exists in part 
because the majority of research in CI children relies upon premade, standardized test 
protocols to easily compare CI users’ performance to the normative data of NH children. 
Therefore, many aspects of language that are either excluded from or glossed over by 
standardized assessments are considerably understudied in this population. Syntax 
processing, namely in wh-question comprehension, is one such understudied area that 
children with CIs are known to have difficulties (Friedmann & Szterman, 2006, 2011; 
Friedmann et al., 2009; Fujiyoshi et al., 2012; Geren, 2010). Wh-questions are one of the 
first complex syntactic structures to emerge and can have a large impact on childhood social 
skills and participation in classroom routines and activities. Gleaning from studies of adult 
sentence processing, as well as the syntax development of typical children, inferences can 
be constructed about the probable causes for the difficulties children with CIs face in wh-
question processing. 
 
Syntactic Processing and Syntactic Movement 
 Pediatric CI users struggle to produce and comprehend relative clauses and wh-
questions (Friedmann & Szterman, 2006, 2011). The unifying feature of both sentence 
types is syntactic movement (Botwinik-Rotem & Friedmann, 2008). Syntactic movement is 
a natural, grammatical manipulation that underlies the phrase structure of complex 
sentences in many languages. Syntactic movement in English is most apparent in wh-
questions, where the wh-phrase is fronted, or moved to the beginning of the sentence from 
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its original location as the subject or object of the sentence. This leaves an empty space at 
the original location of the wh-phrase in the sentence, which is termed the gap (Chomsky, 
1993). It is thought that this wh-phrase is retained in memory from the beginning of the 
sentence until the location of the gap is reached by the listener (Botwinik-Rotem & 
Friedmann, 2008; D. Swinney, Ford, Bresnan, & Frauenfelder, 1988). The amount of 
sentence items and time elapsing between the fronted wh-question held in memory and its 
corresponding gap is termed distance. This theoretical idea is reflected in the sentence 
below: 
[Which dog] 1 t1 licked Jessie? 
In the above example, the fronted wh-phrase is bracketed in its new location and the 
gap location is marked with a subscript t (denoting the trace). In this instance, the wh-
phrase was originally in the place of the subject of the sentence, as this example is a 
subject question. Subject questions retain much of their canonical (or subject-verb-object 
(SVO)) structure, which is reflected in the location of the trace. Object questions, such as 
the example below, feature increased distance between the trace and the new phrase 
location. Increased distance results in more disruption of the sentence’s original SVO 
structure. 
[Which girl] 1 did the dog lick t1? 
Due to the presence of movement in their syntactic structure, wh-questions are 
considered complex syntax. Language comprehension and processing studies in adults 
provide evidence to support the theoretical model of syntactic movement resolution, and 
these studies have dovetailed nicely with current understanding of wh-question 
development in children. 
Adult processing of syntactic movement. Adults resolve and process sentences 
with syntactic movement according to the trace reactivation hypothesis (Swinney et al., 
1988). The trace reactivation hypothesis proposes that the relocated wh-phrase is retained 
in working memory (WM) until the listener identifies the location of the syntactic gap. When 
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the gap is reached, the listener reactivates the wh-phrase, or filler, in its appropriate place 
relative to the verb of the sentence. This reactivation, termed gap-filling, enables the 
listener to reconstruct the sentence with properly assigned agent and theme roles with 
respect to the canonical word order found in most sentences. Evidence for this trace 
reactivation hypothesis has been provided through the cross-modal priming paradigm 
(CMPP) (Swinney, 1979).  
Although CMPP provides convincing evidence of reactivation, priming evidence is not 
without its limitations. CMPP can only probe singular points in sentence comprehension and 
establish an indirect connection between reactivation and the sentence. However, it is 
possible to observe this relationship more directly using eye tracking technology, permitting 
continuous monitoring of sentence processing. The link between gaze behavior and real-
time language processing was first established in typical adults whose gaze towards pictures 
changed with new auditory information (Tanenhaus, Spivey-Knowlton, Eberhard, & Sedivy, 
1995) and adults whose gaze anticipated oncoming sentence information (Altmann & 
Kamide, 2007). Sussman & Sedivy (2003) tracked eye movement across four pictures 
during yes/no and wh-questions in typical adults. The gaze pattern in yes/no questions was 
found to be in accordance with the canonical order of the question. In contrast, gaze 
patterns present in the wh-questions were less linear. This is likely reflective of a more 
active search for an appropriate visual referent to act as the filler for the gap created by 
syntactic movement (Sussman & Sedivy, 2003). These results identify gap-filling behavior 
during wh-question processing in typical subjects by illustrating nonlinear visual processing 
that supports reactivation of the trace (Sussman & Sedivy, 2003). 
Development of wh-questions in typical children. Typically developing children 
begin to produce sentences with syntactic movement by the age of 3. The average age at 
which children begin to construct subject and object questions is typically at 2;3-2;5 years 
(Stromswold, 1995). Although infants as young as 1;6 years have been shown to 
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comprehend basic wh-questions using the word what in a preferential looking paradigm 
(Seidl, Hollich, & Jusczyk, 2003), many children do not consistently comprehend wh-
questions until 3-4 years after their first production of wh-questions (Friedmann & 
Szterman, 2011; Hurewitz, Brown-Schmidt, Thorpe, Gleitman, & Trueswell, 2000). This 
disparity between comprehension and production is likely reflective of the complex syntactic 
construction of wh-questions (Stromswold, 1995). In addition to this difference between 
production and comprehension of wh-questions, many children tend to produce and 
comprehend subject questions earlier than object questions (Friedmann, Belletti, & Rizzi, 
2009; Hurewitz et al., 2000; Stromswold, 1995), perhaps reflecting the difference in 
distance between questions with subject targets and questions with object targets.  
Yet, the difference in age of emergence between subject and object questions varies 
between wh-question word types. In who questions, the gap between the development of 
subject who and object who question production was not significantly different (William 
Philip, 2002). And interestingly, object which questions emerged in production before 
subject which questions (Stromswold, 1995). However, the opposite is found in 
comprehension studies, with children accurately comprehending subject who and which 
questions far earlier than object who and object which questions (William Philip, 2002). 
Often comprehension of both subject and object who questions slightly precedes 
comprehension of subject and object which questions (Stromswold, 1995).  
Recently, cross-modal priming has been utilized to illustrate how the adult model of 
syntactic movement processing applies to children. Trace reactivation has been established 
in children between 4-7 years old in relative clauses (Love, 2007; Roberts, Marinis, Felser, & 
Clahsen, 2007). Few CMPP or eye tracking studies have established the use of trace 
reactivation to resolve movement in wh-questions by children. If it is similar to the adult 
model, and to their relative clause processing, children may also rely on trace reactivation 
to resolve wh-question movement. The adult model also assumes that language 
development has been typical, but when language difficulties are present, that model may 
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not hold true. Language impairment may impact wh-question processing, as has been 
observed in children with specific language impairment (SLI) (Friedmann & Novogrodsky, 
2011). 
Wh-questions and syntactic movement in children with language 
impairment. More extensive research on syntactic movement resolution has been 
conducted in children with SLI. Literature from the SLI population may serve as a helpful 
foundation to study wh-question processing in CI users, as similar deficits in processing 
syntactic movement have been identified in children with CI. Children with SLI have deficits 
in comprehending and producing sentences with syntactic movement and have been shown 
to struggle with answering some types of wh-questions adequately, namely who and which 
questions (Friedmann & Novogrodsky, 2011).  Wh-question comprehension deficits in 
children with SLI are usually resultant of errors in role-reversal, where subject and object 
noun roles are switched (Deevy & Leonard, 2004; Marinis & van der Lely, 2007). In 
production studies, children with SLI were found to omit either the subject or object more 
than their typical peers (Deevy & Leonard, 2004; Marinis & van der Lely, 2007).  This error 
pattern of role-reversal and noun phrase omission was also established when children with 
SLI were asked to paraphrase relative clauses and wh-questions (Friedmann & 
Novogrodsky, 2007). Fewer errors occur in who questions (Friedmann & Novogrodsky, 
2011). Some studies have found that comprehension of subject wh-questions do not differ 
significantly from their typical peers (Deevy & Leonard, 2004). These errors increase on wh-
questions when the distance between the wh-phrase and the location of the gap is 
expanded (Deevy & Leonard, 2004; Friedmann & Novogrodsky, 2011). This occurs in object 
questions and questions with added information, such as adjectives or prepositional 
phrases. In Deevy & Leonard’s (2004) study, children with SLI only differed from their 
typical counterparts on accuracy in comprehension of object questions by 1-3 items. Yet, 
when the sentence length of object wh-questions was increased by adjectives or 
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prepositions, children with SLI differed from their typical peers in comprehension accuracy 
by nearly 10 items (Deevy & Leonard, 2004). 
When CMPP was employed, children with SLI exhibited diminished priming effects at 
the point of the gap in wh-questions, reflecting lessened reactivation of the trace noun 
(Marinis & van der Lely, 2007). Instead, children with SLI demonstrated stronger priming 
effects at the onset of the verb (Marinis & van der Lely, 2007). However, the lack of a probe 
point at a sentence location after the gap did not allow Marinis and van der Lely (2007)  to 
see delayed priming effects at the syntactic gap in children with SLI. Interestingly, children 
with SLI do not demonstrate these difficulties in syntactic movement, as they are able to 
mark the presence of a gap using prosody when reading phrases with syntactic movement 
aloud (Friedmann & Novogrodsky, 2007), which suggests they may be able to identify the 
gap and parse adequately but cannot resolve what belongs in the space left behind by the 
gap. This is curious, as a majority of the research in syntactic movement resolution in 
children with SLI supposes that their deficits are rooted in difficulties with role assignment, 
when two likely nouns compete for the same role. However, the research does not clearly 
point to this as the only cause of their wh-question comprehension deficits. If this were the 
sole reason for their inability to process syntactic movement, incompetence in role 
assignment would appear to preclude them from comprehending or producing wh-questions, 
let alone parse them adequately or comprehend any wh-questions insignificantly different 
from their peers (Deevy & Leonard, 2004). In addition, children with SLI have not 
demonstrated similar deficits in role assignment in sentence types without movement (De 
Villiers, Roeper, Bland-Stewart, & Pearson, 2008). 
 The body of work on wh-question comprehension in children with SLI has informed 
other studies examining populations with deficits in syntactic movement and may be of use 
in studies concerning children with CIs. Many children with hearing loss and CIs are not able 
to accurately comprehend or produce sentences with syntactic movement until age 8-10 
years. In studies of Hebrew-speaking children with CIs, many of them were unable to match 
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pictures to a relative clause or wh-question and their inaccuracy significantly distinguished 
them from their typical, NH peers (Friedmann et al., 2009; Friedmann & Novogrodsky, 
2011; Friedmann & Szterman, 2006). Much like children with SLI, children with CIs 
performed better in subject wh-question comprehension than in object wh-question 
comprehension (Friedmann & Novogrodsky, 2011).  
The difficulty CI children have with syntactic movement does not only affect 
comprehension, but also production of sentences with syntactic movement. When these 
same participants were asked to create relative clauses, children with CIs instead preferred 
to create clauses lacking relativization to either subject or object of the sentence, employing 
resumptive pronouns, or creating a wholly ungrammatical utterance (Friedmann & 
Szterman, 2006). Comparable error patterns were also apparent when the children with CIs 
were asked to create wh-questions. A wh-question elicitation task found that children with 
CIs would prefer to create questions that did not refer to a specific subject or object or 
would create an ungrammatical utterance to avoid creating a question with syntactic 
movement (Friedmann & Novogrodsky, 2011).  
A wh-question repetition task further revealed an average accuracy for the CI group 
under 80%, with many errors made in role assignment or omission of either the subject or 
object (Friedmann & Novogrodsky, 2011). Again, these patterns of errors have led 
researchers to conclude that problems with syntactic movement in children with CIs were 
the result of their inability to assign roles within the sentence. However, much like children 
with SLI, these deficits do not preclude children with CIs from creating and understanding 
some sentences with syntactic movement and from assigning roles in other sentence types. 
Moreover, there are concerns about the methodology of Friedmann and her colleagues 
(2006; 2007, 2011) because many of their comprehension tasks did not include visual 
stimuli other than the subject and object nouns named in the question. Thus, if participants 
did not accurately comprehend the question and select the correct subject or object filler 
noun, they were forced to choose opposing subject or object noun picture. This leaves no 
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option to participants who did not comprehend other than to interpret their inaccurate 
response as a role assignment issue. The lack of other foils also highlights one of the many 
issues with offline language tasks. The decision to examine only accuracy results in limited 
ability to conduct error analyses that may reveal more about a population’s deficits. Review 
of these studies to help predict probable causes of deficits in syntactic movement processing 
in children with CIs indicate a need for further investigation into wh-question 
comprehension or production. Additionally, these studies also expose a need for online tasks 
to investigate sentence comprehension breakdowns in real time. 
 
Causes for breakdowns in comprehension of wh-questions and syntactic 
movement 
Role assignment and processing syntactic movement. One reason children with 
SLI and CIs may struggle with wh-questions and syntactic movement is the previously 
suggested idea of a role assignment deficit. The syntactic structure of most sentences 
requires that one noun phrase be identified as the subject or agent, and that another noun 
phrase be identified as an object or theme. The agent is the performer of the action, the 
verb of the sentence, while the theme receives that action. A thematic role, or assignment 
as agent or theme, is typically based upon the verb. Once the listener processes the verb, 
thematic roles can be assigned to each of the noun phrases. (Friedmann & Novogrodsky, 
2007).  
 Thematic role assignment is considered relatively easy in English canonical sentences 
that follow a subject-verb-object order. The roles are assigned sequentially, with the first 
noun phrase given the role of agent and the second noun phrase given the role of theme 
(Chomsky, 1993). Canonical sentences are far easier to parse, given this straightforward 
role assignment. Noncanonical sentences, such as sentences with syntactic movement like 
wh-questions, however, are more difficult as the subject or object of the sentence has been 
extracted and relocated (Ferreira, 1996). This extracted sentence component must be 
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retained in WM while the rest of the sentence is being processed. In noncanonical sentences 
with movement, the listener must identify not only what has been extracted, but also where 
that extracted sentence component originally belonged. For wh-questions, this means they 
must identify the role of the wh-phrase as either subject or object, then determine the 
location of the gap and fill that gap with the content of the wh-phrase.  
Given this complex processing, it is no surprise that prior researchers involved in 
sentence processing in children with CIs believe that role assignments are lost or reversed 
somewhere in the processing. And previous literature cites errors of reversal as a rationale 
for this proposed theory as to why CI and SLI populations struggle with syntactic movement 
(Friedmann & Novogrodsky, 2007, 2011; Friedmann & Szterman, 2006, 2011). However, 
the construct of many of these studies in sentence processing have limited their observation 
to offline responses and have neglected to address the use of working memory (WM) in 
processing syntactic movement. The use of offline responses only confirms that accurate 
comprehension has or has not occurred. These tasks cannot pinpoint where in processing 
the breakdown in comprehension has occurred and why, which makes it difficult to simply 
accept thematic role assignment deficit as the sole cause of difficulty in processing wh-
questions found in children with CIs.  
Working memory and processing syntactic movement. WM includes the ability 
to temporarily store and integrate pieces of information as well as control attentional 
resources (Baddeley, 1992; Cowan, 2008; Oberauer, 2000; Marton & Schwartz, 2003). In 
terms of parsing and sentence processing, WM enables the listener to store and integrate 
semantic sentence components into the syntactic structure of the sentence. When a listener 
hears a sentence, the semantic concepts are activated and temporarily stored in WM, 
making those concepts available for simultaneous integration into the syntax of the 
sentence (Caplan & Waters, 2013; Miyake & Shah, 1999). The connection between WM and 
sentence comprehension was initially established in typical adults using a sentence-span 
task and canonical sentences (Daneman & Carpenter, 1980). Later research further 
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established that some sentence types were inherently different in their demands, with 
sentences with syntactic movement, such as relative clauses and wh-questions, having the 
highest WM demands (Just & Carpenter, 1992; King & Just, 1991; Traxler, Morris, & Seely, 
2002). This is likely due to the fact that the trace component must be retained in WM during 
the parsing of the noncanonical sentence, identification of the gap, and reactivation at the 
trace. Interestingly, inherent WM demands were different even between wh-question types, 
reflecting the difference in distance between the trace and its corresponding gap found in 
subject and object questions (Deevy & Leonard, 2004; Traxler et al., 2002).  
The sentence-span task designed by Daneman & Carpenter (1980) and its later 
iterations suggest it is a measure of WM capacity. Capacity is defined as the amount of WM 
resources available for linguistic processing, which appears to be dependent on the unique 
cognitive characteristics of each individual (Just & Carpenter, 1992). The amount of 
linguistic information that can be stored within WM is limited by this capacity, with the 
possibility of decay of concepts and slowed processing as that limit is reached (Just & 
Carpenter, 1992). Moreover, newer models of WM suggest capacity may also be influenced 
by interference, or displacement/decay of items held in WM due to activation of similar 
items (Van Dyke & McElree, 2006). Illustrative of this theory of WM capacity, individual 
differences between typical participants on the sentence-span task were shown to impact 
complex syntax processing. Individuals with lower sentence-span scores, and therefore, 
lessened WM capabilities, had more difficulty comprehending sentences with syntactic 
movement (Just & Carpenter, 1992; King & Just, 1991). These results were later replicated 
in children aged 6-12 years (Gaulin & Campbell, 1994). Evidence of the increased WM 
demands needed to process sentences with syntactic movement, in addition to individual 
differences in WM capacity, appear to make it equally likely that WM may be the culprit in 
breakdowns in wh-question processing. The failure of previous studies in children with CIs 
to acknowledge WM demands inherent to syntax processing also complicates the ability to 
blindly accept deficits in thematic role assignment as the sole cause of syntactic movement 
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processing problems. And somewhat unsurprisingly, deficits in WM have been identified in 
children with CIs. 
 
Working memory in children with CI 
Working Memory deficits in children with CIs have been identified predominantly 
through the digit span measure of the Wechsler Intelligence Scale for Children (WISC; 
Weschler, 2003). Burkholder & Pisoni, (2003) discovered a significant 3-digit difference in 
forward and backward digit span scores between children with CIs and typically developing 
NH children. Similar differences in digit recall have also been demonstrated in other studies 
(Cleary, Pisoni, & Kirk, 2000; Geers, Pisoni, & Brenner, 2013; Kronenberger et al., 2013; 
Pisoni & Cleary, 2003; Soleymani, Amidfar, Dadgar, & Jalaie, 2014). These significant 
differences in recall between the CI population and their typical peers have also appeared in 
the visual modality. Pediatric CI users were significantly less able to replicate sequences of 
colored lights than their typical, NH peers (Conway, Pisoni, Anaya, Karpicke, & Henning, 
2011; Conway, Pisoni, & Kronenberger, 2009). The work of Soleymani et al. (2014) also 
found deficits in nonword repetition between children with CIs and children with NH. These 
studies expose the possibility of a memory deficit in children with CIs, however, the 
methodologies are outdated and do not address WM in accordance with more recent models 
of memory.  
Current models of WM expose digit span and other serial recall tasks as a function of 
short-term memory (Lewandowsky, Oberauer, Yang, & Ecker, 2010; Oberauer & 
Lewandowsky, 2008). This is due to the fact that the items being held in memory are 
subject to little or no manipulation (Farrell & Lewandowsky, 2004; Lewandowsky et al., 
2010; Oberauer & Lewandowsky, 2008). In the more recent models, processing is 
considered part of WM if it contains two parts: an item being held in memory and 
simultaneous processing/integration of that item with other items in memory (Conway, 
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Cowan, Bunting, Therriault, & Minkoff, 2002; Cowan, 2008; Kyllonen & Christal, 1990; 
Lewandowsky & Oberauer, 2009; Oberauer, Süs, Wilhelm, & Wittman, 2003). Tasks like 
digit span or visual sequence replication act more as a function of serial recall (Farrell & 
Lewandowsky, 2004), where the items are verbally or visually provided and then repeated 
verbatim by the examinee. The given numbers or colors are not simultaneously processed 
or integrated with other information or skills. Critically, it is possible that serial recall tasks 
such as digit span do not employ memory skills in a way that is relevant to how they are 
used for language processing. Digit recall tasks may not directly examine memory use as it 
pertains to language processing or comprehension, as the digits are not necessarily 
integrated into a larger language task involving other language components (e.g., 
semantics, syntax). For these reasons, earlier studies point to deficits of short-term memory 
in children with CIs and do not specifically address WM as it pertains to language. 
Additionally, these studies purported to test visual WM through a task similar to the game 
SIMON. It is highly likely that this type of task also taps only short-term memory and 
sequencing skills, in addition to any WM resources used to complete the task. Similarly, the 
lines between WM and short-term memory are blurred in nonword repetition, with the 
added complexities of the task’s reliance upon vocabulary knowledge and perception 
(Snowling, Chiat, & Hulme, 1991; Willstedt-Svensson, Löfqvist, Almqvist, & Sahlén, 2004). 
The flaws in these tasks expose a need to refine measurements of WM and to broaden 
investigations of WM to include more than one task (Lewandowsky et al., 2010; Oberauer et 
al., 2003). Although the aforementioned studies used methods that are less than ideal, it 
emphasizes the likelihood that WM abilities in the CI population are atypical. It is then 
plausible that these issues in WM have an effect on their ability to comprehend sentences 
with syntactic movement, such as wh-questions. 
 Despite evidence suggesting memory deficits in the CI population and the large role 
WM plays in complex syntax processing, much of the research regarding CI and processing 
of syntactic movement has not addressed WM. The work of Friedmann & Szterman (2011) 
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only attempted to account for WM demands by controlling sentence length by overall 
syllable count. Syllable length has not been shown to be a factor in WM capacity limitations 
(Marton & Schwartz, 2003), and this method does not acknowledge the effect of syllable 
placement and whether they increased or decreased distance between the filler and the 
gap. Differences in distance may add syntactic complexity and increase WM demands. The 
fact that children with CIs have better comprehension of subject wh-questions with lessened 
WM demands compared to object wh-questions, coupled with the knowledge of their 
inherent differences in WM demands, suggests that WM might have some effect on their 
ability to parse syntactic movement in wh-questions. These differences may be revealed 
through more direct manipulation of filler-gap distance, which may also provide new insight 
on the WM resources for syntax processing found in CI children. 
 
Aims of the Current Study 
The aim of the current study was to utilize eye tracking to explore the online 
processing of syntactic movement in CI users aged 7-12 years in two conditions of wh-
questions: a low WM demand condition and a high WM demand condition. Differences in eye 
gaze behavior were also analyzed between subject and object questions, as well as between 
who and which questions. 
The possible causes of CI users' inability to comprehend syntactic movement are 
twofold: One possible cause is a deficit in thematic role assignment. A second cause could 
be limitations in WM. CI users may allocate far too much of their WM resources to 
processing other sentence components with which they have difficulties, such as vocabulary 
and morphology. This would leave few WM resources available to retain and reactivate trace 
information. While gap-filling may be adequate in relatively simpler syntactic constructions, 
like subject questions, gap-filling ability may be compromised in more syntactically complex 
constructions that demand more WM resources. The lack of research studies examining 
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online sentence processing in this population, as well as a lack of studies on WM in these 
children, have made it difficult to verify which of these underlying deficits has the greatest 
effect on syntactic processing. The use of eye tracking can help shed light on the ability of 
children with CIs to reconstruct complex syntax and assign appropriate subject and object 
roles. And, while those few studies in memory in the CI population are limited in their 
methodology, they point to a deficit in short-term and serial memory. Probable deficits may 
also be found in WM, which leaves open the possibility that children with CIs struggle with 
syntax due to deficient WM skills. This may demonstrate that early auditory information, 
including language, plays a role in WM development and application.  
 This study addressed four questions: 1) Do children using CIs to process language 
form traces and gap-fill similarly to their NH peers? 2) Do differences in WM load influence 
CI users' gap-filling abilities? 3) Can performance on an external battery of WM tasks 
predict comprehension and processing abilities? and 4) Are comprehension and processing 
abilities predicted by demographic factors, such as age at implantation and standardized 
language scores? 
It was hypothesized that:  
1) CI users’ probable deficits in WM would manifest themselves in insufficient 
gap-filling, reflective of poor trace reactivation. Fewer looks to the filler noun or more 
looks towards to competing noun phrases during the syntactic gap would provide 
evidence of decreased gap-filling abilities.  Evidence of dissimilar patterns of looking 
between CI users compared to their NH counterparts would explain the poor wh-
question comprehension observed in off-line language tasks.  
2) CI children would perform poorer on questions with increased WM 
demands, as well as in object questions. This would reveal deficits in syntax 
processing related to cognition and WM abilities, and suggest that WM limitations 
may play a greater role than thematic role confusion for CI children’s difficulties with 
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syntactic movement. However, if children with CI show no evidence of gap-filling 
ability or demonstrate similar gap-filling abilities to their NH peers with similar 
accuracy rates across wh-question conditions, there would be support for a solely 
syntax-based, role-reversal rationale for their difficulties. 
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CHAPTER 2: WH-QUESTION TASK METHODS 
An eye tracking study was used to examine trace reactivation and identify gap-filling 
behaviors in wh-questions across two conditions, determined by WM load. The first 
condition consisted of simple subject and object wh-questions using who and which. The 
second condition also used subject and object who and which questions, but two adjectives 
were added to increase distance between the filler and the gap. Two adjectives were chosen 
as a comparable increase in utterance time, given the average recall difference of three 
digits between children with CIs and NH children in Burkholder & Pisoni’s (2003) findings. 
This increased distance was intended to correspond to the increased time and load that the 
filler occupies in the participant’s working memory (WM). The addition of adjectives to half 
of the wh-questions divided the stimuli into a low load WM condition and a high load WM 
condition. A WM battery was also employed and was explored as a predictor of experimental 
task performance. Due to varied participation in the WM battery, the methodology and 
results of those tasks are presented in Chapters 3 and 5, respectively. 
 
Participants 
Participants were recruited through the Ear Institute at New York Eye and Ear 
Infirmary (NYEE) of Mt. Sinai Hospital and the Indiana University School of Medicine. A total 
of 47 children participated in the study including: 16 CI recipients (8 from NYEE and 8 from 
IU) and 31 NH (7 from NYEE and 24 from IU) children. Normal hearing participants ranged 
in age from 7;4-11;11, with a mean age of 9;11 (SD = 1;5). Implant users ranged in age 
from 7;11-11;10 years, with a mean age of 9;10 (SD = 1;4). The CI children were 
implanted between the ages of 0;2-5;0 and their mean age at implantation was 2.7 (SD = 
1;8). Mean hearing age, or years of experience using their device, was 7;4 (SD = 1;8) 
years and ranged from 4;6-10;1. The CI group examined in this study included 10 bilateral 
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CI users, 1 unilateral CI user, and 5 bimodal CI and hearing aid users. Demographic data on 
both groups of participants is displayed in Table 1. 
TABLE 1 
Demographic characteristics of wh- question task participant groups 
 
Demographic Variables 
            CI (n = 16)                                             NH (n = 31)             
 M (SD) Range M (SD) Range 
Age (years) 9;10 
(1;4) 
7;11– 11;10 9;11 
(1;5) 
7; 4 – 11;11 
Age at Implantation (years) 2;7 (1;8) 0;2 – 5;0   
Hearing Years at Testing 7;4 (1;8) 4;6 – 10;1   
Hearing Status (n)     
Bilateral 10    
Unilateral 1    
Bimodal 5    
Gender     
Male 9  13  
Female 7  18  
 
Prior to participation, all 47 participants passed a free-field hearing screening (at 30 
dB) and completed behavioral testing. Children with CIs were screened in their best-aided 
condition. Behavioral testing included the Test of Nonverbal Intelligence, 4th Ed. (TONI; 
Brown, Sherbenou, & Johnsen, 2010), the Peabody Picture Vocabulary Test, 4th Ed. (PPVT-
4; Dunn & Dunn, 2007), and the Clinical Evaluation of Language Fundamentals, 4th Ed. 
(CELF-4; (Semel et al., 2003). The TONI-4 served as a measure of nonverbal intelligence 
and the PPVT-4 was utilized to measure receptive vocabulary. The core language composite 
score from the CELF-4 was used to provide a general measure of receptive and expressive 
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language abilities. Standardized assessments were employed to observe possible correlation 
to task performance and to ensure that all NH children did not have language difficulties. A 
parent questionnaire was administered to collect demographic data on participants. Results 
from standardized assessments are shown in Table 2.  
TABLE 2  
Mean standardized scores of wh-question task participant groups 
 CI (n = 16) NH (n = 31) 
 M (SD) Range M (SD) Range 
TONI-4 107.2 (11.7) 80-135 117.2 (10.7) 100-139 
PPVT-4  96.9 (19.2) 64-129 116.6 (13.1) 95-141 
CELF-4 88.1 (21.7) 40-118 114.6 (11.8) 91-132 
 
A series of one-way analyses of variance (ANOVA) demonstrated significant 
differences between groups on nearly all of the demographic measurements. One-way 
ANOVA results, F (1, 45) = 8.674, p = .005, demonstrated significant differences between 
groups on the TONI-4 (Brown et al., 2010) assessment, however, Levene’s Test of 
homogeneity of variances was violated, F (1, 45) = .012, p = .915. Significant differences 
between groups on the TONI-4 were confirmed by Welch F-Test, F (1, 28.185) = 8.197, p 
=.008, with the CI group featuring poorer performance on the measure. A separate one-
way ANOVA, F (1, 44) = 17.07, p < .001), demonstrated significantly poorer performance in 
the CI group on the standardized vocabulary measure, the PPVT-4 (Dunn & Dunn, 2007). 
One-way ANOVA, F (1, 43) = 28.21, p < .001), also found significantly lower scores in the 
CI group on the CELF-4 (Semel et al., 2003), yet a Levene’s Test, F (1,43)=5.747, p=.021, 
found the homogeneity of variances to be violated. A Welch F-Test, F (1, 16.586) = 18.386, 
p = .001, was used to confirm statistically significant differences in CELF-4 test scores.  
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Auditory Stimuli  
Stimuli included 80 who and which questions. The 80 questions were divided among 
subject and object questions, who and which questions, and between low and high memory 
demand conditions, as shown in Figure 1. See Table 4 for examples of question stimuli. 
 
Figure 1. Distribution of Wh-Question Stimuli  
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Questions were based upon 10 context sentence pairs. Context sentences in each 
pair were identical, but subject and object nouns were reversed to reduce repetition effects, 
yielding a total of 20 context sentences. All context sentences had similar syntactic 
structure, with a canonically ordered sentence followed by a prepositional phrase. Within 
one context sentence pair, all 8 possible question types were represented. 
All sentences were controlled for familiarity and included only animate nouns. 
Sentences were previously recorded by a female voice and normalized to reduce peak 
clipping and equalize volume using SoundForge (SoundForge, 2003) software. Context and 
wh-questions were presented to participants at a comfortable 55 dB HL through a single 
overhead speaker. The sentences were timed in milliseconds (ms), with context sentences 
averaging 3517.85 ms  (SD = 582.05 ms) in duration. Average duration of subject 
questions in the low WM condition was 2186.9 (SD = 370.02) ms and 3460.7 (SD = 
759.64) ms in the high WM condition. Mean object question durations were 2322.9 (SD = 
500.45) ms in the low WM condition and 3770.05 (SD = 781.51) ms in the high WM 
condition. Examples of context sentences and wh-question stimuli can be found in Tables 3 
and 4. Context and question stimuli, along with individual duration times, are listed in their 
entirety in appendices A and B, respectively. 
TABLE 3 
Examples of context sentences preceding wh-questions 
Context Sentence 
The boy in the red shirt kisses his grey-haired grandma before school. 
The brown dog is chasing the grey cat in the yard. 
The purple fish is swimming with a friendly shark in the ocean. 
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TABLE 4  









Low Who t1 drove the man to the party? 
Subject 
Which 
Low Which t1 cat scares the chickens on the farm? 
Object 
Who 
Low Who does the man dance with t1 at the restaurant? 
Object 
Which 
Low Which girl is invited by t1 the boy to the party? 
Subject 
Who 
High Who t1 swims with the brave, little fish in the ocean? 
Object 
Who 
High Who does the dirty, pink pig kick t1 in the barn? 
Subject 
Which 
High Which t1 strong, bossy girl pushes the tired, lazy 
farmer in the wheelbarrow? 
Object 
Which 
High Which fluffy, mean cat is chased t1 by the big, lazy 
dog in the yard? 
a The location of the gap is noted by the subscript t1, and identifies the primary area of 
interest for probing eye gaze.  
After the recordings were created and normalized, the syntactic components of all 
wh-question stimuli were timed and binned within the experiment to create periods of 
interest. These periods of interest included the question word, the subject noun phrase, the 
verb, the object noun phrase, and the prepositional phrase. Defined periods of interest 
allowed eye tracking analyses to focus directly on the time period that included the syntactic 
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gap. In subject questions, the gap duration was defined by the question word period of 
interest, with an additional 300 ms after. The addition of 300 ms was included to 
accommodate the 60 Hz sampling rate of the Tobii eye tracker, as the syntactic gap of 
subject questions occurs immediately at the beginning of gaze data collection. In object who 
questions, the gap duration was defined as 300 ms prior to the onset of the prepositional 
phrase period. In object which questions, the gap duration was defined as 300 ms prior to 
the onset of the object noun phrase period. 
 
Visual Stimuli 
Preceding each wh-question, four pictures appeared in four quadrants on the 
computer screen. For each trial, the picture array included the subject of the question, the 
object of the question, an attribute foil, and a description foil. The attribute foil was identical 
to the target picture, but the defining attribute was changed. For example, if the defining 
attribute was a grey hair, the identical character was also presented with blonde hair. The 
description foil was similar to the target picture, but unrelated to the defining attribute. For 
example, if the target happened to be a girl in a red shirt, the description foil may be a man 
wearing a red shirt. Each picture was of a person or an animal, drawn by an artist for this 
experiment. A total of 52 pictures were created, with no picture being used more than four 
times over the course of the experiment. Pictures were resized to 176 x 281 pixels, to 
provide maximum resolution within the quadrant and maintain consistency of size and 
shape of the pictures.  Consistency across the picture stimuli was also preserved by the use 
of similar colors and drawing style. 
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Figure 2. Example of Four Picture Array for the Question, Who Did The Boy In The 
Blue Shirt Kiss Before School?  
 
Design 
A total of 80 subject and object wh-question stimuli were presented auditorily to the 
participant, along with the four pictures. Stimuli were presented within 10 blocks of 8 trials. 
Trial blocks were created pseudorandomly. Each block contained all of the 8 possible 
question types (subject who low WM condition, subject who high WM condition, subject 
which low WM condition, subject which high WM condition, object who low WM condition, 
object who high WM condition, object which low WM condition, object which high WM 
condition) with each context sentence appearing only once per block. The purpose of the 
pseudorandomization was to minimize repetition effects. The presentation order of the 10 
blocks was randomized, as was the presentation of the 8 trials within each block. The blocks 
were divided into four sections, with two 3-block sets and two 2-block sets to allow for the 
Target	   Object	  Foil	  
Description	  Foil	  Subject	  Foil	  
S	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participant to take smaller breaks within blocks if needed. The task took 45 minutes to 
complete, on average. 
Each wh-question was preceded by a context sentence. Each sentence matched 4 of 
the wh-question stimuli, with all 8 question types represented across a context pair. Within 
the 10 context pairs, the distribution of question types between each sentence of the pair 
was also pseudorandomized. Each sentence in a context pair was repeated four times 
throughout the duration of the experiment. There were no visual stimuli to accompany the 
context sentences. The 10 sets of 8 wh-question stimuli were pseudo-randomized to avoid 
more than 2 repetitions of a context pair (one of each sentence). Within each set, the 8 
possible wh-questions and their contexts were randomized in their presentation. The 
positioning of the target picture, as well as the foils, was also randomized across trials. Each 
trial was separated by a fixation period, with the length of that fixation period determined 
by the participant’s response by mouse click. 
 
Apparatus 
Presentation of auditory and visual stimuli, as well as initialization of eye tracking, 
was controlled by E-Prime 2.0 software (Psychology Software Tools (PST), 2012). E-Prime 
software was run through a Windows operating system on a Dell computer system. The 
Tobii eye tracking and data collection software was also run through a Windows operating 
system on a separate Dell PC. Both the E-Prime and Tobii computers were connected to the 
Tobii T-60 eye tracker and monitor in the auditory booth. The three computers 
communicated through a computer-to- computer LAN network. The schematic for this setup 
is pictured in Figure 3.  
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The participant was seated in front of a PC equipped with a Tobii T-60 Eye Tracking 
monitor and a single overhead speaker in a sound-attenuated booth. The experimenter sat 
in an adjoining room with a window into the sound-attenuated booth. Prior to beginning the 
experiment, each participant was calibrated on the Tobii T-60 to confirm that the device was 
able to detect the participant’s eye movement. The Tobii T-60 was calibrated by presenting 
a moving circle on the monitor in front of the participant. As the participant followed the 
movement of the circle with their eyes, the Tobii T-60 device recorded continuous gazes by 
the child’s eyes across the four corners of the screen and the middle of the screen. This 
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After the participant’s gaze was calibrated to the Tobii T-60 eyetracker, the 
experimenter described the task to the participant and directed their attention to the written 
directions onscreen. The children were instructed to listen carefully to the sentence and the 
question, and then use the mouse to click on the picture that answered the question. 
Participants were encouraged to ask questions and review directions with the experimenter. 
The sentence-processing task then began, with the first block of auditory contexts and 
questions. The computer screen remained white during the presentation of the context 
sentence, and the four pictures appeared on a green background 750 ms prior to the 
introduction of the wh-question. At the end of the wh-question, the child had as much time 
as needed to select their answer. Once the fixation cross appeared, the child then had the 
option to take a short break or click the fixation cross to move on to the next trial. Mouse-
click response data was collected through the E-Prime computer. The PC equipped with Tobii 
software collected and transferred eye gaze data to an E-Prime Gazedata file for analyses. 
 
Data Analysis 
Question accuracy. Accuracy of question comprehension via mouse click was 
recorded in E-Prime and served to establish that the child was attending to the task. 
Response data was also used as an offline measure of wh-question comprehension. 
Eye tracking. Gazedata output collected by E-Prime was analyzed using a 
customized MATLAB program that revealed eye gaze fixations (gazes of at least 50 ms) to 
the four pictures at the syntactic gap of the wh-questions. The syntactic gap was 
communicated to MATLAB through the predefined periods of interest. MATLAB analyses 
indicated proportion of eye gaze fixations to the four pictures during the determined time 
periods, as well as time course information on gazes to the four pictures throughout the 
duration of the wh-question. In accurate trials, proportion of fixations data derived from 
MATLAB were then applied in statistical analyses.   
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CHAPTER 3: WORKING MEMORY BATTERY METHODS 
This chapter presents methods utilized in the battery of WM tasks. All participants in 
the WM battery also completed the wh-question battery. However, not all subjects who 
completed the experimental eye tracking task participated in the WM battery due to age or 
location limitations. Therefore, the methodology and results are presented separately.  
The WM battery included an updating/span task adapted from the WM battery 
designed by Lewandowsky et al. (2010) and a set of n-back tasks adapted from the work of 
Jaeggi, Buschkuehl, Etienne, Ozdoba, Perrig & Nirkko (2007) and of Wright, Downey, 
Gravier, Love, & Shapiro (2007). The tasks were administered in both visual and auditory 
modalities. Both sets of tasks were conducted via a computer and E-Prime software in the 
same setting as the sentence processing task. The presentation of the WM battery was 




Participants. Subsets of the CI and NH participants from the wh-question 
processing task participated in the auditory and visual versions of the updating/span task. 
Eleven CI users (4 from NYEE, 7 from IU) and 22 NH children (4 from NYEE, 18 from IU) 
participated in the visual updating/span task. Demographic data for the visual 
updating/span task participants is displayed in Table 5. 
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TABLE 5 
Demographic Information for Visual Updating/Span Task Participants 
 CI (n = 11) NH (n = 22) 
 M (SD) Range M (SD) Range 
Age (years) 9;11(1;2) 8;5-11;10 10;1 
(1;4) 
7; 4 – 11;11 
Age at Implantation (years) 2;9 (1;8) 0;8-5;0   
Hearing Years at Testing 7;2 (1;8) 4;6-9;5   
Hearing Status (n)     
Bilateral 6    
Unilateral 4    
Bimodal 1    
Gender     
Male 7  9  
Female 4  13  
 
Of the children that participated in the wh-question experiment, 10 CI children (3 
from NYEE, 7 from IU) and 22 NH children (4 from NYEE, 18 from IU) completed the 
auditory updating/span task. Demographic information for the participants of the auditory 
updating/span task is shown in Table 6. 
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TABLE 6 
Demographic Information for Auditory Updating/Span Task Participants 
 CI (n = 10) NH (n = 22) 
 M (SD) Range M (SD) Range 





Age at Implantation (years) 
2;11 
(1;8) 
0;8-5;0   
Hearing Years at Testing 7;1 (1;8) 4;6-9;5   
Hearing Status (n)     
Bilateral 5    
Unilateral 4    
Bimodal 1    
Gender     
Male 7  9  
Female 3  13  
 
Methods and procedure. The updating/span task presented the participant with 
color sequences to be recalled interspersed with odd/even judgments. The colors red, blue, 
yellow, and purple were chosen as color stimuli, corresponding to squares of colors on a 
customized response board. The digits 1-6 were used as the number prompts for the 
odd/even judgments, with buttons specifically labeled ODD and EVEN on the customized 
response box. Prior to initiation of the task, the experimenter verbally previewed the 
odd/even statuses of numbers used in the experiment with the participant. 
The visual version of the updating/span task presented the child with a color followed 
by a digit on the computer screen (Figure 4). In response to the digit, the child pressed the 
corresponding button to indicate whether it was an even or odd number. After the child 
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input their choice, a colored square, sized to 176x281 pixels, appeared on the screen. The 
child was asked to retain the colors in memory as more numbers and colors followed. Color 
sequences were presented in sets of 3, 4, 5, and 6 colors in the visual condition and sets of 
3, 4, and 5 colors in the auditory condition. After the number-color sets were presented, a 
question mark appeared onscreen and the child was asked to press colored buttons on the 
customized response box to indicate the colors presented and their order. Thus, the 
difficulty of the updating/span task increased as the number-color sets increased, with 3 
sets presented at each level of difficulty. The auditory updating/span task retained the 
identical procedure, except that the color and digit stimuli were presented auditorily through 
a single overhead speaker at a comfortable 55 dB HL along with a blank computer screen. 
All auditory stimuli were pre-recorded by a female speaker and normalized to reduce peak 
clipping and background noise with Sony SoundForge software (SONY, 2010). A schematic 
of the experimental design for the updating span task is shown in Figure 4. 
 
 
Figure 4. Experimental Design of the Updating/Span Task 
 
	   33	  
Data analysis. Scores on the updating/span task were derived from both the 
odd/even judgments and accuracy of color sequence replication. In order for a correct 
sequence of colors to be counted, odd/even judgments needed to have been accurate for 
66% of the numerical stimuli for that set.   
Participants received one point for each color remembered accurately, in the correct 
order. Thus, a child was able to gain 3 points for each 3 color set replicated accurately, 4 
points for every 4 color set replicated accurately, and so forth. All points earned within one 
modality of the task were totaled, with the 54 as the highest possible score in the visual 
condition and 36 as the highest possible score in the auditory condition. These scores were 
compared across groups via mixed-design ANOVA and incorporated into the regression 
equations to examine possible correlation to the wh-question task. 
n-Back Task 
Participants. Thirty children who completed the wh-question processing task also 
completed the visual n-back tasks, including 10 CI children (3 from NYEE, 7 from IU) and 20 
NH children (2 from NYEE, 18 from IU). Demographic information on the visual n-back 
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TABLE 7 
Demographic Information on Visual n-Back Participants 
 CI (n = 10) NH (n = 20) 
 M (SD) Range M (SD) Range 





Age at Implantation (years) 
2;11 
(1;8) 
0;8-5;0   
Hearing Years at Testing 
7;1 
(1;10) 
4;6-9;5   
Hearing Status (n)     
Bilateral 5    
Unilateral 4    
Bimodal 1    
Gender     
Male 7  8  
Female 3  12  
 
 Eight CI users (2 from NYEE, 6 from IU) and 20 NH children (2 from NYEE, 18 from 
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TABLE 8 
Demographic Information on Auditory n-Back Participants 
 CI (n = 8) NH (n = 20) 
 M (SD) Range M (SD) Range 





Age at Implantation (years) 
2;11 
(1;7) 
0;8-5;0   
Hearing Years at Testing 7;2 (1;7) 4;6-9;5   
Hearing Status (n)     
Bilateral 4    
Unilateral 3    
Bimodal 1    
Gender     
Male 5  8  
Female 3  12  
 
Method and procedure. In the visual and auditory n-back tasks, the participant 
saw or heard a list of items and was asked to indicate when one of those items matches the 
item presented immediately before (1-back) or two items prior (2-back). In adapting this 
task for children, the items used were 8 common fruits (Wright et al., 2007): peas, orange, 
apple, plum, corn, peach, cherries, and lime. In the visual version, pictures of these fruits 
were sized to 176x281 pixels and presented to each participant on a computer screen. In 
the auditory version, the names of the fruits were pre-recorded by a female speaker and 
normalized using Sony SoundForge (SONY, 2010). The computer screen remained blank as 
auditory labels were presented at 55 dB HL through a single overhead speaker for the 
auditory n-back. 
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Within each modality, there were four n-back tasks: a 1-back task, a 2-back task, a 
1-back task with lures, and a 2-back task with lures. Each version of the n-back task 
included a 10 item practice session, with two targets. Following the practice items, two 
equal lists of 28 fruits (56 experimental stimuli total per condition), with 9 targets per list 
(18 targets per task condition), were presented to each subject. Using a serial response box 
connected to the E-Prime PC, participants were instructed to press a button to indicate if the 
fruit they saw or heard was identical to the last the fruit they saw or heard (1-back task) or 
identical to the fruit they saw or heard two items prior (2-back task). A schematic of this 
paradigm can be seen in Figure 5. 
The 1-back task and the 2-back task also included a lure condition. Lures are 
distractors: added items within an n-back list that interfere with the item being held in WM. 
In the lure version of the tasks used in this study, the lures appeared as the identical fruit 
or a fruit that shared similar attributes (e.g. similarly colored) at the 2-back position in the 
1-back task and at 1-back position in the 2-back task.  
Figure 5. Experimental Design of the n-Back Task 
 
Data analysis. Results from the four n-back tasks in each modality were compiled 
to create a single numerical score for each participant, which yielded a single visual n-back 
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composite score and an auditory n-back composite score. In both modalities, the child 
received one point for each accurate button press to one of the 18 targets in each list, with 
the highest possible score being 72. From this score of accurate identifications, the number 
of false identifications (button pressing to signal the occurrence of 1-back or 2-back without 
it actually occurring) was deducted, as it was not counted as an incorrect identification by E-
Prime. Scores from each condition were then totaled to yield overall accuracy in the visual 
modality and the auditory modality. Scores from both modalities of the n-back task were 
compared across groups via multivariate ANOVA and incorporated into the regression 
equations to examine possible correlation to the wh-question task. 
WH	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CHAPTER 4: WH-QUESTION TASK RESULTS 
 
Question Accuracy and Descriptive Results  
Mouse-click responses to the wh-questions were collected throughout the experiment 
via E-Prime (PST, 2012). Mean percentages of question accuracy from both groups are in 
Table 9, displayed by group across question variables. 
TABLE 9 





Question Target   
Object 67 (47) 83 (37) 
Subject 72 (45) 84 (37) 
Question Type   
Which 71 (46) 83 (38) 
Who 68 (48) 84 (37) 
WM Load   
Low 72 (45) 85 (35) 
High 67 (47) 82 (39) 
All Questions 69 (46) 83 (37) 
  
Overall, question accuracy calculations demonstrate fairly steady rates of accuracy 
among the typically developing group, while accuracy within the CI group was far more 
variable. Cochlear implant users demonstrated a higher rate of accuracy for subject 
questions, which questions, and low WM load questions. Results from one-way ANOVA, F (1, 
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44) = 11.74, p = .001, confirmed significant differences in overall question accuracy 
between CI and NH groups.  
Comparison of eye-tracking data during wh-questions from CI and NH groups 
From the proportional fixation data derived from MATLAB, a multivariate logistic 
regression was used to predict proportion of fixation time to the target based upon 
numerical scores/values from other variables. The multivariate regression included dummy 
coding to test hypotheses that the NH group would perform better; the who questions would 
show increased fixations, and the high WM load questions would be harder. Thus, these 
variables were coded as 1, to be compared to probable odds for the performance in the 
opposing variable. The logistic regression model was run multiple times, incorporating 
different sets of variables to illustrate the effects of group (CI vs. NH), question target 
(subject vs. object), question type (which vs. who), WM condition (high vs. low WM load), 
chronological age, and question accuracy. Other variable sets considered in the regression 
model included results from standardized assessments (PPVT-4, CELF-4, TONI-4). Data 
from the CI group was run through the regression model separately to reveal within-group 
differences and trends. 
Between question types. Considering eye gaze fixations from both groups, and 
without controlling for standardized test scores, distinctions between question conditions 
were observed in the multivariate analysis. Significant differences in fixations were seen 
between question target (subject vs. object), question type (who vs. which), and WM load 
condition (low vs. high). Across both the CI and NH participants, children showed increased 
fixations towards the target during the syntactic gap of object questions (p < .000, CI: 
[1.53, 1.89]). Significantly fewer fixations to the target were seen for both groups during 
the gap of which questions (p = .000, CI: [.73.91]), and questions in the low WM load 
condition (p = .004, CI: [.79.96]). Table 10 displays results of this regression analysis. 
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TABLE 10 
Results of the Regression Model Comparing Performance between Wh-Question Variables 
across Both Groups, Excluding Demographic Variables 
 OR 95% CI p 
Question Target    
Object 1.7 [1.53, 1.89] .000*** 
Subject 1   
Question Type    
Which .82 [.73, .91] .000*** 
Who 1   
WM Load Condition    
Low .87 [.79, .96] .004*** 
High 1   
Note. OR: Odds Ratio. When OR <1, lower odds of fixation to the target visual are 
observed for that variable. Multivariate logistical regression used dummy coding for the 
variables of subject target, who, and high working memory load.  *p<.05 **p<.02 
***p<.00 
 
Between groups. When the regression model solely incorporated wh-question type 
variables, controlling for question types (subject/object, who/which), both the CI and NH 
groups displayed significantly lower odds, .82 and .88 respectively, of fixating to the target 
in the low WM condition of both subject questions (p = .022, CI: [.70, .97]) and object 
questions (p = .033, CI: [.78, .99]). Only in object questions was a significant difference 
between who and which questions found, with significantly lesser fixations likely to which 
questions (p = >.000, CI: [.65, .86]). Despite no significant differences in fixation to the 
target picture between groups in either question type, CI users demonstrated .96 lower 
	   41	  
odds of fixating to the target in object questions (p = .55, CI: [.84, 1.10]). With the 
exclusion of demographic variables and standardized test results, regression model data is 
shown in Table 11. 
TABLE 11 
Results of the Regression Model Comparing Performance on Wh-Question Variables between 
CI and NH Groups, Excluding Demographic Variables  
 Subject questions Object questions 
 OR 95% CI p OR 95% CI p 
Group       
CI .88 [.71, 1.09] .245 .96 [.84, 1.1] .550 
NH 1   1   
Question 
Type 
      
Which .91 [.77, 1.07] .274 .75 [.65, .86] .000*** 
Who 1   1   
WM Load       
Low .82 [.7, .97] .022** .88 [.78, .99] .033* 




1   1.73 [1.53,1.89] .000*** 
Note. OR: Odds Ratio. Multivariate logistical regression used dummy coding for the 
variables of normal hearing, who, and high working memory load.  *p<.05 **p < .02 ***p 
< .00 
 
When chronological age, standardized test scores, and question accuracy were 
controlled within the statistical model, similar results were found. Significantly lower odds of 
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fixating to the target visual were noted in low WM load subject questions (p = .024, CI: 
[.69, .97]) and low WM load object questions (p = .033, CI: [.77, .99]). In object questions, 
participants demonstrated .87 significantly lower odds of fixating to the target picture in 
which questions (p = >.000, CI: [.65, .87]). In subject questions, fixations to the target 
picture during the gap had significantly 1.13 higher odds when the subject was older in age 
(p = >.005, CI: [1.05, 1.21]). Significantly higher odds of target fixation during the gap of 
subject questions were also found with higher question accuracy in the task (p = .017, CI: 
[1.00, 1.03]). Participants also had significantly 1.01 higher odds of fixating to the target 
picture in object questions (p = .049, CI: [1.00, 1.01]) with a higher score on the TONI-4 
assessment. Between group statistical analyses results are presented in Table 12. 
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TABLE 12 
Results of the Regression Model Comparing Performance between CI and NH Groups, 
Including Wh-Question Variables and Demographic Variables 
 Subject questions Object questions 
 OR 95% CI p OR 95% CI p 
Question 
Type 
      
Which .93 [.79, .1.1] .422 .75 [.65, .87] .000*** 
Who 1   1   
WM Load       
Low .82 [.69, .97] .024* .87 [.77, .99] .033* 
High 1   1   
Question 
Accuracy 
1.01 [1.0, 1.03] .017** 1.01 [.99, 1.01] .125 
TONI-4 1.01 [.98, 1.00] .051 1.01 [1.00, 
1.01] 
.049* 
Note. OR: Odds Ratio. When OR <1, lower odds of fixating to the target visual are observed 
for that variable. Multivariate logistical regression used dummy coding for the variables of 
normal hearing, who, and high working memory load.  *p<.05 **p<.02 ***p<.00 
 
Within the CI group. Separate regression analyses were completed for the CI 
group to enabled further examination of variables specific to the CI population, including 
age at implantation and modes of auditory access (bilateral CI, unilateral CI, or bimodal CI 
and HA use) in addition to consideration of standardized assessment scores, question 
accuracy, and question types. Implanted participants had significantly higher odds of 
fixating to the target picture at the syntactic gap, 1.03 and 1.01 odds respective to subject 
questions (p = > .000, CI: [1.01, 1.04]) and object questions (p = .027, CI: [1.00, 1.02]), 
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when their question accuracy score was higher. Age of implant and age at experiment were 
not significantly related to target picture fixations at the syntactic gap. 
While not significant, some interesting trends were noted in the regression model. In 
subject questions, bilateral CI and bimodal CI and hearing aid users showed 1.29 (p = .16, 
CI: [.91, 1.85]) and 1.26 (p = .13, CI: [.94, 1.68]) higher odds of fixating to the target at 
the gap than their unilateral CI using peers (Table 13). In object questions, this trend was 
less robust, but bilateral CI users demonstrated 1.04 (p = . 86, CI: [.68, 1.59]) higher odds 
of fixating to the target at the gap than their bimodal or unilateral CI peers. Within CI group 
regression results are displayed in Table 13. 
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TABLE 13 
Results from the Regression Model Including only the Cochlear Implant Group and their 
Demographic Data (Including Age at Implantation, Hearing Years, and Hearing Status) 
 Subject questions Object questions 










      
Bilateral CI 1.29 [.91, 1.85] .157 1.04 [.68, 1.59] .857 
Bimodal 
CI/HA 
1.26 [.94, 1.68] .127 .86 [.61, 1.22] .393 
Unilateral CI 1   1   
Note. OR: Odds Ratio. When OR <1, lower odds of fixating to the target are observed for 
that variable. Multivariate logistical regression used dummy coding for the variables of who, 
high working memory load, and unilateral cochlear implant.  *p<.05 **p<.02 ***p<.00 
 
Wh-question error analyses 
 Proportions of fixations to the four separate pictures during the gap period were also 
calculated for incorrect trials (where the wh-question was incorrectly answered) in MATLAB. 
Increased fixations to specific competitors during the gap period of inaccurately answered 
wh-questions may indicate differences in syntactic processing between groups. For both 
subject and object questions, the field of competitors included a descriptive foil of the target 
(e.g. an animate noun that shared one similarity to the target, such as a blue shirt), the 
identical opposing subject or object noun, and an attribute foil of the subject or object 
target noun (e.g. another grandma).    
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During the gap period of incorrectly answered subject questions, both CI and NH 
participants demonstrated the highest proportion of fixations to the object foil, at 
proportions of .32 and .38 respectively. In children with CIs, the next competitor with the 
highest proportion of fixations was the description foil with a fixation proportion of .28, 
followed by fixations to the target (.21) and lastly, the subject foil (.18).  Normal hearing 
participants did not demonstrate a preference for a certain competitor after the object foil, 
with an identical .21 proportion of fixations to the target, description foil, and subject foil. 
Proportion of fixations to the four pictures during subject questions is illustrated in Figure 6. 
 
 Figure 6. Proportions of Fixations to Pictures on Incorrect Trials of Subject Wh-
Questions 
On incorrect trials of object wh-questions, each group demonstrated different 
patterns of fixations to the four pictures. The CI group had the highest proportion of 
fixations, .33, to the object foil during the gap period of incorrectly answered object wh-
questions. The remaining proportions of fixations to the other competitors, listed by highest 
to lowest, were the subject foil (.29), the target picture (.22), and the description foil (.16). 
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during incorrect trials of object wh-questions. The next likely competitors were the subject 
foil, with a proportion of fixations of .25, the object foil (.24), and lastly, the description foil 
(.23). Proportion of fixations to the four pictures during error trials is presented in Figure 7. 
 




 MATLAB created time courses using the average proportions of fixations to each 
image type across each the wh-question. These data, derived from accurate trials, revealed 
patterns of eye gaze and attention to the different images during the different wh-question 
types. Averaged proportions of fixations to the four pictures across each of the eight 
question types for both groups are displayed in Figures 6-13, with time (in ms) plotted as 
the independent variable on the x-axis and proportion of fixations plotted as the dependent 
variable on the y-axis. The approximate mean time of the gap for each wh-question 
condition is denoted in each time course with a solid vertical bar and mean times of the 
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TABLE 14 
Average Gap Time in Wh-Question Conditions 
Question Condition Time of Syntactic Gap (ms) 
M (SD) 
Subject Questions 300 (0) 
Object Who Questions, Low WM Load 1796.3 (397.58) 
Object Who Questions, High WM Load 2586.6 (305.08) 
Object Which Questions, Low WM Load 507.6 (337.69) 
Object Which Questions, High WM Load 1292.4 (166.36) 
 
General observations of the time course data from subject questions in both CI and 
NH groups are presented in Figures 8-15, with time courses from CI participants on the left. 
Time courses demonstrate group averages of fixations to the picture types in the array 
across the duration of correctly answered wh-questions. For all question types, fixations to 
the target picture are represented in blue, while the description foil is represented in 
turquoise. An exemplar of each question type has been overlaid atop the time course graph.  
Time courses from subject questions are displayed in Figures 8-11, with the target 
and description foil in blue and turquoise, respectively. The attribute foil of the target 
subject filler noun is shown in the time course graphs in green, with the immediate 
opposing object noun displayed in red. In all subject question time courses, both groups 
demonstrated fixations to the object noun picture that peak around 1000 ms, likely 
corresponding to the labeling of that noun by the auditory stimulus. However, the groups 
differ in gaze pattern and competing fixations to other pictures in the array. In subject who 
questions of both WM conditions, the eye movement of children with CIs prior to the 
syntactic gap include nearly equal proportions of fixation to all the pictures in the array. On 
the contrary, NH children overwhelming maintained fixations towards the target picture with 
the highest proportion of competition from the other noun present in the question, seen 
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most clearly in subject who questions in the low WM condition (Figure 8). One competitor 
that distinguishes the time courses of the CI group from that of the NH group is the 
presence of competing fixations towards the description foil, prior to and at the point of the 
syntactic gap, visible in both Figures 8 and 9.   
 
Figure 8. Average Time Course for Subject Who Questions, Low WM Condition
 
Figure 9. Average Time Course for Subject Who Questions, High WM Condition 
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Subject which question time courses, displayed in Figures 10 and 11, again show a 
similar general pattern in both groups whereby fixations towards the target increase 
inversely to fixations towards the opposing object noun. In the low WM condition, fixations 
towards the object noun appear to reach their peak during the syntactic gap in both groups. 
Yet, as shown in Figure 10, the typically developing group has a period of fixation towards 
the target prior to the syntactic gap in the low WM condition of subject which questions. 
This target fixation prior to the gap is not present in the CI group in this question type. This 
time course pattern may indicate appropriate gap-filling followed by a period of competition 
from the object noun or perhaps, preparation for the object noun to be spoken in the 
auditory stimulus occurring in NH children, but not in CI users. In the high WM condition of 
subject which questions, the differences in fixation patterns between groups were similar to 
the differences seen in subject who questions, where NH children displayed the greatest 
competition for fixations from the opposing object noun and the CI users’ competing 
fixations were towards the description foil (Figure 11).   
 
Figure 10. Average Time Course for Subject Which Questions, Low WM Condition 
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 Figure 11. Average Time Course for Subject Which Questions, High WM Condition 
 
Time courses for object questions are shown in Figures 12-15. Again, the blue line 
represents fixations to the target picture and fixations to the description foil by the 
turquoise line in the time course graphs. Here, the immediate opposing subject noun is 
shown in green with the attribute foil of the target represented in red. Object who 
questions, shown in Figures 12 and 13, appear generally similar between groups with 
increasing fixations to the target picture after 1300 ms in the low WM condition and 2000 
ms in the high WM condition. This is preceded by a period of fixation to the attribute foil of 
the target noun, clearly showing competition among probable fillers. However, prior to the 
syntactic gap, the fixation patterns of the groups diverge. Again, the CI users demonstrate 
more scattered fixations towards the other pictures in the array, namely the description foil, 
while the NH participants predominantly fixated on the target and attribute foil prior to the 
gap. 
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Figure 12. Average Time Course for Object Who Questions, Low WM Condition 
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The time courses for object which questions, displayed in Figures 14 and 15, show 
intriguing patterns prior to and at the point of the syntactic gap in both groups. In the low 
WM condition, children with CIs, as in the object who questions, demonstrated far more 
competition for fixations from other pictures in the array prior to the gap than their NH 
peers. Upon reaching the gap in the low WM condition, shown in Figure 14, CI users clearly 
fixated on the target picture, while their NH counterparts fixated on the attribute foil of the 
target. However, this did not appear to statistically impact fixations in the NH group for this 
question type. The high WM condition of object which questions, whose time courses are 
shown in Figure 15, placed the most demands on WM with the greatest distance between 
gap and its corresponding filler noun. Both groups demonstrate a great deal of competition 
among fixations to the pictures in the array prior to the gap period. Both groups show 
fixations towards the target picture that begin around the time point of the syntactic gap 
and remain for the duration of the question. Yet, it is important to note that this shift in 
fixation occurs a little earlier than the average gap point (~ 1300 ms) for the NH group, 
with fixations to the target picture emerging at approximately 1000 ms. In contrast, this 
shift in fixation towards the target picture occurs nearly 500 ms later in the CI group, with 
target fixations emerging around 1500 ms.  
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Figure 14. Average Time Course for Object Which Questions, Low WM Condition 
 
 
Figure 15. Average Time Course for Object Which Questions, High WM Condition 
 
Summary of Wh-Question Experiment Results 
Significant differences in the number of wh-questions correctly answered were found 
between CI and NH participants. Overall, implanted children answered 69% of wh-questions 
accurately on average, while their NH peers answered an average of 84% of wh-questions 
correct. When divided by question variables (subject vs. object, which vs. who, low vs. high 
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WM), children with CIs continued to exhibit significantly lower accuracy rates than their 
typical counterparts. Additionally, participants with NH maintained over 80% accuracy in all 
conditions. Children with CIs performed better in subject questions, which questions, and 
low WM load questions by a margin of nearly ten percentage points when compared to their 
accuracy in object questions, who questions, and high WM load questions. 
However, in wh-questions with correct responses, children with CIs and children with 
NH were not found to differ significantly in fixations to the target picture during the 
syntactic gap. Nonetheless, a trend of less probability of gazing towards the target picture 
at the gap of object questions was seen in children with CIs. Both groups exhibited 
significantly more fixations to object questions than subject questions. Fewer fixations to 
the target visual in the low WM condition of both subject and object questions were also 
observed in both groups. Fewer fixations to the target in object which questions were also 
noted for CI and NH participants. In both groups, higher question accuracy and increased 
chronological age was found to predict increased fixations to the target picture in subject 
questions. Higher score on the TONI-4 assessment was also found as a predictor of 
increased fixations in object questions. 
 Within the CI group, few demographic variables emerged as significant predictors of 
gap-filling ability. Increased fixations to the target picture were predicted by higher question 
accuracy in both subject and object questions. Hearing years, age of implantation, and 
auditory access mode were not significant predictors of target fixation, a trend of increased 
fixations to the target at the syntactic gap of subject questions was found in bilateral and 
bimodal CI users (in comparison to their unilateral CI peers) and bilateral CI users were 
more likely to fixate to the target in object questions than their bimodal or unilateral CI 
using peers. 
 Further analyses of eye tracking data included examination of eye gaze across the 
entirety of the wh-question through eye gaze and error analyses. Generally, the time 
courses of eye movement across the four picture quadrants at and after the syntactic gap 
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were relatively similar between children with CIs and NH children. However, differences in 
pre-syntactic gap fixations were evident on the time courses, with CI users displaying more 
competition for fixations across the four pictures. This competition included fixations 
towards the description and attribute foils of the target prior to the syntactic gap in subject 
and object questions, which were less persistent in NH children (except for the low WM 
condition of object which questions).  
 Examination of proportion of fixations to the four pictures in incorrectly answered 
wh-questions exposed a different pattern of errors between groups. For incorrectly 
answered subject questions, both groups demonstrated the greatest proportion of fixations 
to the object foil at the syntactic gap. However, if NH children failed to answer correctly and 
were not looking towards the object foil, it was equally as likely that they were fixating on 
any of the other three visual competitors. In their incorrect responses to subject questions, 
if they were not gazing towards the object foil, children with CIs showed proportionately 
more fixations to the description foil.  
A more pronounced difference in error gaze patterns was found in object questions 
with incorrect answers. In incorrect trials of object questions, NH children were most often 
fixating on the target picture. If they were not fixating on the target picture, their next likely 
competition for fixations was the subject foil. This is in stark contrast to the CI group, who 
showed the highest amount of fixations towards object foil and then the subject foil in their 
error responses to object questions. The error patterns noted for both groups in subject 
questions tend to align with ongoing syntactic role assignment processing, with error gazes 
going towards the target picture’s competing noun phrase. However, CI users demonstrated 
a starkly different trend towards the object foil in error trials of object questions, as seen in 
Figure 15, which reveals competition from the same noun phrase category as the target as 
a possible contender to fill the syntactic gap.   
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CHAPTER 5: WORKING MEMORY BATTERY RESULTS 
Descriptive Results 
 Results from the WM battery are presented through auditory and visual composite 
scores for both the visual and auditory updating/span tasks and n-back tasks. Mean results 
from both groups are displayed in Table 15. 
TABLE 15 
Results of the WM Task Battery by Group 
 __CI__ ________NH_______ 






















16-67 20 65.9 (9.6) 44-72 
 
  Mixed-Design ANOVA revealed significant differences between the CI and NH groups 
in both the n-back, F (1, 1) = 675.75, p < .001, and updating/span tasks, F (1, 1) = 
227.58, p < .001, with the CI group performing poorer than the NH group. Across all 
subjects, effects of modality were significant in the n-back task, F (1, 1) = 4.24, p = .05, 
and the updating/span task, F (1, 1) = 24.08, p < .001. Participants in the n-back tasks 
exhibited better performance in the auditory condition of the task. The updating/span task 
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participants demonstrated better performance in the visual condition of the task. 
Differences in group and modality performance were confirmed by Wilcoxon Signed Ranks 
non-parametric test. Modality differences did not have a significant interaction with group 
membership, however it is probable that lack of interaction resulted from unbalanced group 
participation.   
 
Relationship between Eye-Tracking Fixations and Working Memory battery 
In a secondary application of the logistic regression model, data from the WM battery 
was also used as a predictor of fixations to the target picture at the syntactic gap. The 
variables accounted for in this model included the composite score of the auditory n-back 
tasks, the composite score of the visual n-back tasks, the auditory updating/span task 
score, and the visual updating/span task score. This model also controlled for question type 
(subject vs. object, who vs. which), question difficulty (low vs. high WM load), question 
accuracy, and demographic factors (chronological age, PPVT-4, CELF-4, TONI-4).   
Between Groups. Controlling for WM scores from the n-back and updating/span 
tasks in addition to demographic variables, children with CIs were found to be significantly 
less likely to fixate to the target during the gap period of subject questions (p = .044, CI: 
[.39, .99]). As in the group-wide regression model, both CI and NH children exhibited 
significantly less fixations to object which questions than object who questions (p = >.000, 
CI: [.62, .85]). Significance of less fixations to the target in the low WM condition only 
remained for object questions (p = .036, CI: [.72, .99]). Neither of the n-back composite 
scores nor scores from either modality of the updating/span task were found to be 
significant predictors of target picture fixation during the gap. Results from this regression 
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TABLE 16 
Results from the Statistical Model, Including External WM Task Variables 
 Subject questions Object questions 
 OR 95% CI p OR 95% CI p 
Group       
CI .62 [.39, .99] .044* 1.02 [.84, 1.24] .227 
NH 1   1   
Question 
Type 
      
Which .93 [.74, 1.17] .549 .72 [.62, .85] .000*** 
Who 1   1   
WM Load       
Low .80 [.64, 1.00] .054 .85 [.72,.99] .036* 
High 1   1   
Note. OR: Odds Ratio. When OR <1, lower odds of fixation to the target visual are observed 
for that variable. Multivariate logistical regression used dummy coding for the variables of 
normal hearing, who, and high working memory load.  *p<.05 **p<.02 ***p<.00 
 
Summary of WM battery results 
Cochlear implant users were outperformed by their NH peers in all four parts of the 
WM battery, with disparities of 5-8 points between mean scores on the updating/span tasks 
and 12-17 points between mean scores on the n-back composites. Differences in 
performance between groups were significant for both tasks, with a modality effect resulting 
in better performance in the auditory version of the n-back task and the visual version of 
the updating/span task. Modality preference did not differ between groups. 
When results of the WM tasks were considered in the logistic regression model with 
regard to target fixations at the gap in the experimental wh-question task, children with CIs 
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fixated significantly less frequently to the target during the gap of subject questions. Both 
groups of children had fewer fixations during the gap of object which questions than the gap 
of object who questions when WM results were incorporated in the regression model. The 
WM task scores were not predictors of target fixations at the syntactic gap for either group. 
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CHAPTER 6: DISCUSSION 
 This study explored the ability of children with CIs and their NH peers to resolve 
syntactic movement present in who and which questions with differing levels of WM 
demands. Syntactic movement in wh-questions is resolved primarily through gap-filling, or 
reactivation of the relocated concept at its original syntactic juncture (Botwinik-Rotem & 
Friedmann, 2008; Swinney, 1979; Swinney et al., 1988). Gap-filling is facilitated by WM in 
complex syntactic constructions (Botwinik-Rotem & Friedmann, 2008; Caplan & Waters, 
2013; Miyake & Shah, 1999; Swinney et al., 1988), and variation in WM skills have been 
found to affect syntax processing even in the typical adult population (Daneman & 
Carpenter, 1980; Just & Carpenter, 1992; King & Just, 1991). Less is known about gap-
filling behavior in children, but a few studies have shown that it occurs in relative clauses 
(Love, 2007; Roberts et al., 2007) and is sensitive to differences in question target (subject 
vs. object) and the wh-question word used (e.g., who vs. which), likely due to differences in 
distance, syntactic construction, and the use of second noun phrase found only in which 
questions. Previous research has also shown that children’s resolution of syntactic 
movement in relative clauses is also subject to differences in WM skills (Gaulin & Campbell, 
1994).  
 
Wh-Question Accuracy between CI and NH groups 
 Accuracy in wh-question comprehension, measured offline by mouse click, was 
significantly different between NH children and implanted children. Children with NH who 
participated in this study demonstrated consistent performance in wh-question accuracy 
around 80% or higher across all question types in this experiment. As found in the work of 
Friedmann and her colleagues (Friedmann et al., 2009; Friedmann & Szterman, 2006, 
2011), the CI users who participated in this study answered fewer wh-questions accurately 
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(69%). Children with CIs demonstrated distinctly higher rates of accuracy for subject 
questions, which questions, and questions with a low WM load.  
 
Insight From Eye Tracking Results 
These comprehension deficits in wh-questions found in CI users led to the current 
study, which employed an eye tracking experiment to establish the occurrence of gap-filling 
in wh-questions in hearing children and to explore if differences in gap-filling existed in a 
sample of pediatric CI users. Previous research on poor syntax comprehension and 
production in children with CIs (Caselli et al., 2012; Chilosi et al., 2013; Duchesne et al., 
2009; Nikolopoulos et al., 2004), especially in constructions with syntactic movement such 
as wh-questions (Friedmann et al., 2009; Friedmann & Szterman, 2006, 2011), led to the 
hypothesis that children with CIs would demonstrate poorer gap-filling ability than their NH 
peers. It was hypothesized that a deficit in gap-filling would be shown by fewer eye gaze 
fixations to the target picture at the syntactic gap of 80 who and which questions. 
For correctly answered wh-questions, the results of the eye tracking experiment did 
not find that children with CIs differed significantly in gap-filling in comparison to their 
typical, NH peers. Nor did the implanted children demonstrate the expected deficits in gap-
filling found in other language disordered populations, such as SLI (Deevy & Leonard, 2004; 
Marinis & van der Lely, 2007). Rather, in the accurately answered questions, the gap-filling 
of children with CI was quite similar to the gap-filling observed in the typical group. 
However, since the initial eye tracking analyses eliminated incorrectly answered questions, 
it is possible that proportions of fixations were weighted by the NH group, due to their 
higher question accuracy and thus, more gaze data available for analyses.  
Age at implantation and length of auditory access (hearing years) did not yield 
significant differences. But there were trends towards differences in gap-filling between 
subject and object questions within the CI group, with fewer looks to the target in object 
questions. There was also a trend toward more filler noun fixations for subject questions by 
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children with bilateral and bimodal CIs than by their peers with unilateral CIs. In gap-filling 
for object questions, bilateral CI users again demonstrated an advantage, this time over 
both their peers with bimodal and unilateral CI. Small sample sizes of each group may have 
contributed to the lack of significance in these trends, and it is likely that these trends would 
become more robust with larger numbers of children in each subcategory. The advantage of 
bilateral CI use in providing enhanced hearing experience (Tomblin et al., 2007; Niparko et 
al., 2010), which has been shown to have an effect on word-learning skills (Houston et al., 
2012), appears to extend to syntax processing as well.  
However, error analyses revealed different patterns of gaze behavior to other 
pictures in the array during the syntactic gap of incorrectly answered wh-questions between 
the CI and NH groups. The current experiment presented children with the opposing noun 
phrase, an attribute-related foil to the target noun phrase (i.e. the same picture with the 
defining attribute changed), and an unrelated foil that shared one descriptive similarity to 
the target (i.e. both target and description foils were female). Prior research in offline wh-
question comprehension (Friedmann & Szterman, 2006, 2011) has only presented the 
opposing noun phrase as a foil. This limits errors to syntactic role reversal and ignores the 
possibility of different error patterns due to issues of memory capacity (Cowan, 2008; 
Oberauer, 2000)  or memory interference (Gordon, Hendrick, & Levine, 2002; Van Dyke & 
McElree, 2006; Van Dyke, 2007). 
Fixations to other pictures in the array on incorrect trials may indicate competitors 
for filling the syntactic gap and provide insight into discrepancies in syntactic role 
assignment by CI users. Further examination of gaze behavior during the syntactic gap of 
incorrectly answered subject questions revealed that both CI users and typical children 
gazed most frequently at the object foil picture, the incorrect filler, rather than the picture 
representing the subject. In subject questions, which have canonical order, this pattern of 
gaze behavior in error trials suggests thematic role reversals. Eye gaze towards the 
competing object noun found in this study supports the error patterns of language impaired 
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children (Deevy & Leonard, 2004; Marinis & van der Lely, 2007), and in past studies of wh-
question comprehension in children with hearing loss (Friedmann & Novogrodsky 2007, 
2011; Friedmann & Szterman 2006, 2011). If the processing deficits of children with CIs are 
truly related to a thematic role assignment deficit, gazes towards the subject foil picture 
should be found in the error trials of object questions.  
Conversely, proportions of gaze fixations from error trials of object questions did not 
suggest thematic role reversals. In object questions that were not answered correctly, 
typical children still demonstrated a higher proportion of fixations to the target, the object 
noun picture, over other pictures in the array. Thus, incorrect comprehension response may 
occur at the end of processing, despite appropriate gap-filling. Children with CIs, however, 
showed the highest proportion of fixations to the picture of the attribute foil on incorrectly 
answered object questions. For example, if the target object noun was the gray-haired 
grandma, the children with CIs showed a high proportion of fixations to the blonde-haired 
grandmother in inaccurately comprehended object questions. The error analyses from the 
object questions of this experiment do not reveal thematic role reversal. Therefore, the 
error findings do not wholly support this explanation of CI users’ previously reported 
difficulties with object questions. 
This result appears similar to the paraphrasing and repetition tasks of wh-questions 
and relative clauses (Friedmann & Sztermann, 2006; Friedmann & Novogrodsky 2011). 
Children with CIs tended to omit the object noun or insert a resumptive pronoun. Children 
with CIs seem to identify syntactic gaps, understand which sentence constituent obligatorily 
fills the gap, but may struggle to reintegrate the relocated constituent. The results from the 
object question error analyses would suggest that retrieval and reintegration of the correct 
filler noun appears to be the point of breakdown for children with CIs. Accurate retrieval and 
reintegration of the filler noun rely on WM abilities, which may be implicated in the CI 
population. 
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Findings from the Working Memory Battery 
Digit span and nonword repetition are more reflective of short-term memory skills 
and may elicit task effects in CI users. Their poor performance on these tasks (Burkholder & 
Pisoni, 2003; Geers et al., 2013; Pisoni & Cleary, 2003; Soleymani et al., 2014), prompted 
further examination of WM in this study. The battery of WM tasks revealed the children with 
CIs performed more poorly than their NH peers. On average, children with CIs scored 12-17 
points lower than their NH peers on the auditory and visual n-back tasks. The NH children 
consistently performed better in both visual and auditory modalities of the updating task 
than their CI using peers as well. The n-back task requires simultaneous retention, 
monitoring, and updating. The poor performance of children with CIs indicates that they 
have difficulties with one or more of these requirements, suggesting deficits that may carry 
over to question comprehension. Limitations in the ability to regulate item activation leaves 
words stored in WM more susceptible to interference (Van Dyke & McElree, 2006), which 
may negatively impact CI users’ ability to retain the appropriate filler nouns in WM and 
resist interference.  
 
Manipulation of WM within the Eye Tracking Task and Relationship to WM Battery 
Results 
Neither the manipulation of WM demands within the eye tracking task nor 
performance on the task battery was revealed to be a predictor of gap-filling ability. The 
addition of two adjectives between the gap and its filler was expected to increase WM 
demands during question processing and reveal differences in processing rooted in WM. 
However, the WM manipulation resulted in more fixations to the filler noun when adjectives 
were present in both subject and object questions. The two adjectives may have facilitated 
comprehension in identifying the filler noun or this finding may suggest that grammatical 
complexity, rather than sentence length, has an impact on performance (Marton & 
Schwartz, 2003). Fixations towards filler nouns in the questions with adjectives may help 
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untangle processing differences due to complexity versus the length/duration of the 
utterance. Differences in filler-gap distance affect comprehension (Hurewitz et al., 2000; 
Stromswold, 1995; Traxler et al., 2002). The greater number of fixations to the filler noun 
for the questions with added adjectives indicates that this particular manipulation of filler-
gap distance did not affect processing or comprehension.  
In addition to the greater accuracy in subject questions for both CI and NH groups, 
reduced gap-filling was seen in object which questions across both groups. This continues to 
indicate heightened WM demands in object questions and the increased difficulty of which 
questions (Friedmann & Novogrodsky, 2011), likely related to the presence of an interfering 
second noun phrase (Gordon et al., 2002; Van Dyke & McElree, 2006; Van Dyke, 2007). 
While this finding adheres nicely to the established body of literature on the topic, it did not 
remain significant when subject and object questions were compared directly. Object 
questions were found to have significantly more fixations to the gap-filler, in stark 
disagreement with prior information. When results of the WM battery were factored into the 
statistical analyses, children with CIs were found to have significantly poorer gap-filling in 
subject questions. This is in contrast to the findings of Deevy & Leonard (2004), who saw no 
differences in subject question processing between their typical child group and their 
language impaired group, which they attributed to the canonicity of subject questions.  
Perhaps the relationship seen in this experiment between WM skills and subject 
questions instead alludes to the presence of syntactic movement in both subject and object 
questions, regardless of canonicity. Disruption of canonicity in both subject and object 
questions would also be in agreement with this study’s intriguing finding of increased gap-
filling in object questions. If both subject and object questions were to lack canonicity 
equally, there should be no rationale for one question type to feature better gap-abilities 
than the other.  This idea has been proposed in surveys of wh-question development in the 
typical population (Stromswold, 1995), to explain the simultaneous emergence of subject 
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and object question production and inconsistent significance found in age of acquisition 
between subject and object question comprehension.   
The lack of effect from the WM manipulation and the inability of the WM battery to 
predict gap-filling may also suggest limitations within the statistical model and technical 
aspects of the experimental task. Many models of WM suggest that WM may be a non-
domain specific set of skills used for a variety of linguistic and non-linguistic tasks (Miyake & 
Shah, 1999). Including WM measures as variables may have created a level of co-linearity 
that did not result in significance in the statistical model. It is also possible that the limited 
number of children who completed both the experimental task and the WM assessments 
caused non-significance. It may also be evidence of the variations in WM abilities across 
individuals that has been seen in previous sentence span studies with adults (Daneman & 
Carpenter, 1980). Perhaps the lack of predictability between the WM battery and the gap-
filling task is also suggestive of the need to further examine individual variation within the 
WM abilities of children within the participants of this study and in future research. Given 
the variability seen within both the CI and NH children across the measures used in this 
study, it appears critical to investigate the specific factors that shape individual 
performance. More analyses of individual performance could help to identify profiles of CI 
users and their deficits and strengths, allowing for more targeted intervention and hearing 
habilitation.   
Regarding the technical aspects of the wh-question experiment, it demonstrated the 
relative quickness of subject question processing. While object question gap-filling occurs 
later on in the sentence, subject question gap-filling occurs immediately at the beginning of 
the wh-question. It may be that, in collecting gazes from the wh-question word segment, 
this research failed to acknowledge gazes to the filler noun prior even to the onset of the 
wh-question word. 
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Conclusion 
The outcomes of this study validate eye tracking as a consistent method for 
exploring language processing in real-time. Gaze fixations from both CI and NH children 
appeared to confirm previous results from use of the cross-modal priming paradigm and 
adult eye tracking research in wh-question processing, with increased fixations to the 
picture that adequately filled the syntactic gap indicative of gap-filler concept reactivation 
(Sussman & Sedivy, 2003; Traxler et al., 2002). Eye gaze behavior over the course of the 
wh-question also replicated the non-linear gaze patterns found in Sussman & Sedivy (2003) 
in that both CI and NH children showed gazes towards the target noun phrase, followed by 
gazes to the opposing noun phrase of the question, then a return to the target noun phrase. 
This research supports differences in language processing for English non-canonical 
sentences, such as wh-questions. These results are increasingly supportive of the use of eye 
tracking as a reliable and important tool in understanding online language comprehension. 
The wh-question task revealed poorer accuracy in wh-question comprehension 
among CI users in all question types and conditions. This poorer accuracy may reflect poor 
sentence constituent integration. Gaze behavior from error trials revealed that the children 
with CIs had greater conflict between the pictures of filler noun candidates. Unlike previous 
studies and results from incorrect subject questions, this did not always reveal thematic role 
reversal. Implanted children appear to recognize syntactic gaps in object questions and 
understand that a noun different from the subject noun must fill it. Yet, retaining and 
reintegrating the appropriate object noun appears to be the challenge for this population. 
This may be related to deficits in working memory (WM). In this study, children with 
CIs also exhibited significant differences from typical peers in WM, which is a critical skill for 
reintegrating concepts in complex syntactic constructions.  Despite the fact that the WM 
manipulation or battery failed to predict gap-filling behavior, differences in accuracy and eye 
gaze behavior were apparent in subject and object questions. These differences are a 
reflection of inherent differences in WM demand, which the CI users were more susceptible 
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to than their NH counterparts. Decreased accuracy in the CI group on which questions and 
lessened fixations to the target in which questions across both groups may indicate an 
element of interference, with the presence of the second noun phrase, in retaining the gap-
filling noun in WM. Further examination of interference in WM and sentence comprehension, 
may shed light on the differences observed in this study.  
Further investigation is warranted to explore CI users’ retention of syntactic 
constituents and the interaction between WM, other executive functions, and syntactic 
knowledge. Syntactic movement also occurs in relative clauses and passive sentences, 
therefore it would be useful to examine those sentence types for more information on the 
processing of those sentence types in the CI population. More research into the interaction 
between cognition and language skills would also contribute greatly to understanding 
language development in children with CIs.  
 
Clinical Implications 
The findings do not directly address language intervention for children with CIs, but 
the findings demonstrate that they have difficulty comprehending wh-questions. Also 
befitting the language challenges seen in this population would be therapies that address 
the cognitive aspects of language and WM use for language processing. Language 
intervention can incorporate these two areas simultaneously by providing CI users with 
opportunities to build their syntax skills through both word and sentence level tasks. At the 
word level, associations and categorization of words both visually and verbally can 
strengthen the meanings of those words and contextually appropriate applications of those 
words as subjects and objects in sentences. This may strengthen lexical networks, easing 
the demands on WM and facilitating retrieval of semantic items for sentence processing. At 
the sentence level, it seems imperative to overtly teach noncanonical sentence forms by 
contrasting them with their canonical versions (e.g. Jimmy hugged Sally. vs. Who was 
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hugged by Jimmy?) and using production priming to elicit appropriate gap-fillers in their 
productions of sentences with syntactic movement. Literature from aphasiology has shown 
that overt training in complex syntax positively affects not only comprehension of complex 
constructions, but also improves comprehension of simpler syntactic constructions 
(Thompson & Shapiro, 2007) . It would also behoove the clinician to consider presentation 
modality when providing therapy. As with many other language impaired populations, use of 
visualizations or object manipulation to illustrate movement of the subject or object noun 
within the sentence may be helpful for children with CIs. Furthermore, visualization may be 
a successful strategy to reinforce one constituent over another, combating interference and 
competition from other contenders to be the subject or object of the sentence.  
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Appendix A 









2 The brown dog is chasing the grey cat in the yard. 
3004 
 
3 The purple fish is swimming with a friendly shark in the ocean. 
3113 
 
















The grandpa in shorts walked the boy in the blue shirt to the park. 
3638 
 
8 The angry pig kicks the spotted cow in the barn. 
2896 
 
9 The black cat scares the yellow chickens on the farm. 
2895 
 
10 The birthday man drove the lady in green to the party. 
2800 
 
11 The blonde-haired grandma kisses the boy in the blue shirt before school. 
3870 
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12 The black cat is chasing the yellow dog in the yard. 
3053 
 
13 The angry shark is swimming with the pink fish in the ocean. 
3227 
 
14 The girl wearing a skirt is pushing the farmer in plaid in the wheelbarrow. 
3853 
 








17 The boy in the striped shirt walks the grandpa in pants to the park. 
3841 
 
18 The brown cow kicks the happy pig in the barn. 
2827 
 
19 The brown chickens scare the grey cat on the farm. 
2918 
 
20 The lady in blue drove the man with a book to the party. 3140 
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Appendix B 
Wh-Question Stimuli 
Wh-question stimuli are given in the 10 pseudo-randomized blocks of 8 trials. 
Syntactic gap location is noted with a subscript t1, demarcating the primarily area of interest 
for examining gaze behavior.  






Block 1     
20 Subject 
Who 
Low Who t1 drove the man to the party? 1696 
9 Subject 
Which 
Low Which t1 cat scares the chickens on the farm? 2470 










High Who t1 swims with the brave, little fish in the 
ocean? 
2780 





High Which t1 strong, bossy girl pushes the tired, 




High Which fluffy, mean cat is chased t1 by the big, 
lazy dog in the yard? 
3791 
Block 2     
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20 Object Who Low Who did the lady drive t1 to the party? 1848 
6 Object 
Which 
High Which fancy, rich man does the glamorous, 




Low Who t1 kicks the cow in the barn? 1769 





High Which t1 gentle, calm boy walks the cranky, 




Low Which t1 boy invites the girl to the party? 2178 
1 Object 
Which 





High Who t1 chases the sleepy, hairy dog in the 
yard? 
2594 





Which t1 lovely, cute lady drove the wise, 












Low Which t1 pig kicks the cow in the barn? 2300 
17 Object Who High 
Who does the gentle, calm boy walk t1 to the 
park? 
2976 
5 Object Who Low Who does the girl invite t1 to the party? 1930 
14 Object Low Which farmer is pushed t1 by the girl in the 2969 










Which fast, gray shark is swimming with t1 the 
small, nice fish in the ocean? 
4332 
Block 4     









Which t1 excited, popular girl invites the shy, 

















Which quick, joyful boy did the grandpa walk 
t1 to the park? 
4686 
11 Object Who High 






Low Which t1 dog chases the cat in the yard? 2454 









Which t1 clever, grumpy chickens scare the 
bored, tough cat on the farm? 
4289 




Low Who t1 walked the boy to the park? 1688 
16 Object Who High 
Who does the wealthy, thin man dance with t1 






Which shy, handsome boy is invited t1 by the 













Which cat is chased t1 by the dog in the yard? 
 
2621 
3 Object Who Low Who did the fish swim with t1 in the ocean? 2024 
Block 6     
10 Object Who High 




























Which t1 mean, strong cow kicks the smelly, 
cool pig in the barn? 
3606 





Which playful, funny boy is kissed by t1 the 
friendly, warm grandma before school? 
4708 
13 Subject Low Who t1 swims with the fish in the ocean? 2009 
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Who 
Block 7     











Low Who t1 chases the dog in the yard? 1825 
15 Object Who High 















Which t1 fun, slippery shark swims with the 













Which wise, charming man was driven by t1 
the lovely, cute lady to the party? 
4429 





Which hungry, annoying chickens are scared 










Which t1 big, lazy dog chases the fluffy, mean 
cat in the yard? 
4008 
1 Object Low Which grandma is kissed t1 by the boy before 2240 

















Which lady was driven by t1 the man to the 
party? 
2625 
3 Object Who High 
Who did the small, nice fish swim with t1 in 
the ocean? 
3192 









Which excited, noisy girl is pushed t1 by the 





Low Which pig is kicked by t1 the cow in the barn? 2423 





Which t1 glamorous, young woman dances 






Who t1 invites the shy, handsome boy to the 
party? 
2694 
12 Object Who High 







Which t1 shark swims with the fish in the 
ocean? 
2557 
Block     
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10 
9 Object Who High 







Which smelly, cool pig is kicked by t1 the 










Which t1 friendly, warm grandma kisses the 






Which shark is swimming t1 with the fish in the 
ocean? 
2516 
4 Object Who Low 











Who t1 dances with the beautiful, tall woman 
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